IN ADULT MAMMALS, the gastrointestinal tract undergoes rapid and continuous self-renewal throughout life (28) . In the small intestinal epithelium, stem cells reside near the base of the crypts. Stem cell division gives rise to a daughter cell that keeps its stemness by self renewal and amplifying progenitor cells. The progeny of these dividing cells migrates upward from the crypts onto the surface of the villi where there is no further cell division, and all the cells appear to be fully differentiated. Cells on the villi are exposed to the gut lumen and eventually die and are discarded from the villus tips. The entire renewal process is continuous, with cells taking ϳ2-7 days to make the journey from the site of their final division cycle in the crypt to the point of their exfoliation from the villus tip. Intestinal stem cells generate absorptive cells and secretory cells that include goblet cells, enteroendocrine cells, and Paneth cells. In the colon, there are no villi, and for the most part the colon has no Paneth cells (5) .
Kruppel-like factor (KLF)-4 is a C 2 H 2 zinc-finger containing transcription factor that is highly expressed in the gastrointestinal tract (10, 30, 39) . It can both activate and repress transcription of different promoters (1, 18, 20, 43) . It has been proposed to function as a tumor suppressor and an oncoprotein, depending on cellular context. For example, overexpression of KLF4 has been linked to reduced tumorigenicity of colonic and gastric cancer cells in vivo (6, 37) . In addition, specific ablation of KLF4 in the gastric epithelium of mice results in premalignant changes, suggesting that it may be a tumor suppressor (14) . On the other hand, KLF4 mRNA and protein are overexpressed in most squamous-cell carcinomas of the oropharynx (8) and in up to 70% of mammary carcinomas (7) . A role for KLF4 as an oncogene has been further supported by the induction of squamous epithelial dysplasia by ectopic KLF4 expression in mice. This paradox was partially resolved by a recent study showing that p21Cip1 status may be a switch that determines the tumor suppressor or oncoprotein function of KLF4 (11, 27) . Mouse studies have indicated that loss of KLF4 causes altered proliferation, differentiation, and precancerous changes in the adult stomach (14) and that KLF4 is required for the terminal differentiation of goblet cells in the colon (15) . However, the exact mechanisms responsible for KLF4's involvement in proliferation and differentiation have not yet been delineated.
Notch genes encode evolutionarily conserved transmembrane receptors that control a broad range of cell fate decisions in development (3) . The signal is initiated by interaction of a Notch receptor with a Notch ligand on an adjacent cell. The interaction triggers two proteolytic events of the Notch receptor, including one within the transmembrane domain by an aspartyl-protease called ␥-secretase, resulting in release of an intracellular domain (NICD). NICD then translocates to the nucleus where it displaces corepressor complexes that are prebound with CSL (CBF-1 in humans, Suppressor of Hairless in Drosophila, and LAG in Caenorhaliditis elegans). The following recruitment of coactivators, including Mastermindlike proteins and CBP/p300, then activates gene expression of downstream target genes such as Hairy and Enhancer of split homogogue-1 (Hes1) (16) . Hes1 is a bHLH transcriptional factor that plays a critical role in the differentiation processes of the gastrointestinal tract. It has an antagonistic effect on Math1, another transcriptional factor required for the development of secretory cell lineages in the mouse intestine (38) .
In this study, we provide in vivo evidence that KLF4 is inhibited by the Notch signaling pathway that controls goblet cell differentiation in mouse small intestine and colon. Additionally, in vitro data indicate that KLF4 promoter activity is inhibited by Notch, and this inhibition is significantly compromised by a dominant-negative RBPjk, a repressive mediator of the Notch signaling pathway.
MATERIALS AND METHODS

RNA extraction and quantitative RT-PCR analysis.
Total RNA from mouse tissues and culture cells was prepared using Trizol Reagent (From Invitrogen) according to the manufacturer's instructions. About 3-5 g of total RNA was used to generated reverse transcriptase mix (cDNA) that was used as template in quantitative RT-PCR as described previously (1) . New primers that are used in PCR are as follows: mouse (m) glyceraldehyde-3-phosphate dehydrogenase, top strand: 5Ј-GACATCAAGAAGGTGGTGAAGCAG-3Ј, bottom strand: 5Ј-ATACCAGGAAATGAGCTTGACAAA-3Ј; mKLF4, top strand: 5Ј-AGAGGAGCCCAAGCCAAAGAGG-3Ј, bottom strand: 5Ј-CCACAGCCGTCCCAGTCACAGT-3Ј.
Protein extraction and Western blotting analysis. Total proteins from mouse tissues were prepared using RIPA buffer, and 50 g of proteins were separated by SDS-PAGE gel followed by Western blotting analysis as previously described (1) . The antibodies used were as follows: anti-KLF4 antibody (1:1,000, catalog no. IMG-3231 from IMGENEX) and anti-␤-actin (1:3,000, catalog no. ab8227 from Abcam).
Maintenance of mice and assessment of goblet cell numbers. All mice with C57BL/6 and FVB/N background were bred and housed under clean specific pathogen-free conditions. C57BL/6 mice were maintained and used at the animal facility at Columbia University. Mice at 6 -8 wk old were used for the experiments, which were performed under approved protocols from the Institutional Animal Care and Use Committee of Columbia University. Hematoxylin and eosin (HE) and Periodic acid-Schiff (PAS) staining of mouse small intestine and colon were performed by the histology core facility at Columbia. Male hGAS mice (10 -12 wk old; see Ref. 36 ) and their wild-type FVB/N counterparts were used. They were housed under conventional animal house conditions, and experiments were conducted under United Kingdom Home Office approval. Following death, colonic tissue was dissected, fixed in 4% formal saline, and paraffin embedded. Sections (3-5 m) of the distal half of colon were stained with Alcian blue/PAS. Half-crypts (50/mouse) were assessed for the presence of goblet cells on a cell positional basis. Briefly, each cell position of 50 separate half-crypts was recorded as to whether it contained a goblet cell or a nongoblet cell, and the data were analyzed and presented in a manner identical to that previously published for the assessment of apoptotic cells in the intestinal epithelium (21, 26) . Data are presented as the mean number of goblet cells in 50 halfcrypts for a group of six mice or as plots of goblet cell index percentage against cell position along the crypt. Statistical analysis was performed using Student's t-test or modified median test (25) as previously described with a significance level of P Ͻ 0.05.
Histology and immunostaining. Tissue samples from C57BL/6 mice were fixed with 4% paraformaldehyde for 6 h followed by 30% sucrose overnight. Frozen sections were then prepared and were stained with an anti-KLF4 antibody previously described (41) . The sections were also processed for HE staining. For immunostaining of frozen sections, 4Ј,6-diamidino-2-phenylindole was added to the mounting medium before the cells were covered by glass cover slips. Immunofluoresence of the cells was observed under an inverted fluorescence microscope (Nikon Eclipse TE2000-U).
Plasmid construction. About 2 kb human (h) and mouse (m) KLF4 promoters were amplified from BAC clones (hKLF4: RP11-723F02, mKLF4: RP23-322L22) and cloned into the pGL3 basic vector (from Promega). The restriction enzyme sites are SacI and HindIII at the 5Ј-and 3Ј-end, respectively. The PCR primers are as follows: hKLF4, top strand: 5Ј-CGGCGAGGAGTGGAAAAATCAGGT-3Ј, bottom: 5Ј-AGG-GGCGGGGGAGGGTCAC-3Ј; mKLF4, top strand: 5Ј-TAGGGCCCT-GACTGACTTTATGTG-3Ј, bottom strand: 5Ј-TCTCTTGGCCGGG-GAACTG-3Ј. Truncation promoter constructs were similarly generated using different 5Ј-primers. A hKLF4 promoter reporter construct with mutations in the core of the ICN1 responsive element (hKLF4P-151FM) was generated using a site-directed mutagenesis kit from Strategene (catalog no. 200518). All plasmids have been confirmed by DNA sequencing. A constitutively active human Notch1 construct (ICN1) in PCS2 backbone and PCS2 plasmids were kind gifts from Dr. Adolfo Ferrando at Columbia University. Dominant-negative RBPjk (dnRBPjk) plasmid is a kind gift from Dr. Allan Levey at Emory University.
Tissue culture and reporter assays. A human colon cancer cell line (HCT116) (CCL-247; ATCC) was cultured in McCoy's 5A medium plus 10% FBS and antibiotics. Transient transfection and reporter assays were performed as previously described (1) .
RESULTS
Increased colonic goblet cell numbers correlates with upregulation of KLF4 gene expression in progastrin-overexpressing hGAS transgenic mice.
Previously, colonic goblet cell hyperplasia has been reported in a mouse model where human progastrin is overexpressed (36) . We have confirmed that transgenic hGAS mice exhibited an approximately twofold increase in the number of Alcian blue/PAS-stained goblet cells in the distal colon compared with wild-type FVB/N mice (P Ͻ 0.01 by Student's t-test and significant differences at cell positions 4 -38 by modified median test) (Fig. 1, A and B) . Because KLF4 is required for colonic goblet cell development, we postulated that the increased goblet cell numbers observed in hGAS mice is accompanied by increased gene expression of KLF4. To test this possibility, mRNA and proteins were extracted from colons of control FVB/N mice and human progastrin-overexpressing FVB/N mice (hGAS/FVB), followed by quantitative RT-PCR and Western blotting analysis. As shown in Fig. 1C , KLF4 mRNA levels in hGAS/FVB mouse colon were increased two-to threefold compared with control mice (P Ͻ 0.05 by Student's t-test). KLF4 protein levels were also increased in the colons of hGAS/FVB mice compared with the control mice (Fig. 1D) . By densitometry analysis, they were elevated by about seven-to eightfold (averaged from 3 independent experiments).
Notch inhibition increased KLF4 gene expression. Previously, it has been shown that KLF4 is required for goblet cell development (15) . Because the Notch signaling pathway has been shown to regulate the differentiation of a broad spectrum of cell types, including goblet cells in the gastrointestinal tract, we proposed that KLF4 is a downstream target of the Notch signaling pathway that controls differentiation of goblet cells. To test this possibility, 6-to 8-wk-old C57BL/6 mice were used, and Notch signaling was inhibited by using a gamma secretase inhibitor (compound E). Consistent with a previous report (35), 5-day treatment of the mice with compound E at a dose of 10 mol⅐kg Ϫ1 ⅐day Ϫ1 converted amplifying crypt cells within the small intestine into goblet cells that were accompanied by increased KLF4 mRNA levels in small intestine and colon (Figs. 2 and 3, A and B) . However, because 5-day treatment with compound E changed the morphology of mouse small intestine, a 1-day treatment with compound E was performed, which resulted in no significant morphological changes of mouse small intestine as observed by HE staining and PAS staining (data not shown). Under this condition, RNA levels of KLF4 were upregulated in mouse small intestine and colon by quantitative RT-PCR (P Ͻ 0.05 by Student's t-test) (Fig. 3, C and D) . Notch inhibited the promoter activity of KLF4. Because an in vivo approach cannot be used to provide direct evidence of KLF4 inhibition by the Notch signaling pathway, a constitutively active version of Notch (ICN1, a COOH-terminal region of human Notch1) was used to assess the inhibition of KLF4 promoter activity in vitro. In HCT116 cells, we performed cotransfection assays to examine the regulation of KLF4 reporter by ICN1. Consistent with our hypothesis, ICN1 decreased KLF4 promoter activity by ϳ50%. A dominant-negative version of RBPjk, a repression mediator of the Notch signaling pathway, activated KLF4 promoter activity by Ͼ60%. In addition, dominant-negative RBPjk significantly compromised ICN1-induced KLF4 inhibition (Fig. 6) . Similar observation was also true when mKLF4 promoter was used in the same assay (data not shown).
Identification of an ICN1-responsive element in hKLF4 promoter. To identify an ICN1-responsive element in the hKLF4 promoter, a series of 5Ј-truncated versions of the KLF4 promoter were generated for the assay (Fig. 7A) . Although truncation of 5Ј-end of the KLF4 promoter to the Ϫ151 position retained the inhibitory effect of ICN1, further truncation of KLF4 promoter to the Ϫ108 position abrogated the effect of ICN1 (Fig. 7B) , suggesting that an ICN1-responsive element was located between the Ϫ151 to Ϫ108 position at the 5Ј-region of the hKLF4 promoter. Further mapping using the same approach identified a short region between Ϫ151 to Ϫ122 of the hKLF4 promoter as an ICN1-responsive element.
This region was conserved in both hKLF4 and mKLF4 promoters in the same area, with the only differences being the three nucleotides shown in lowercase in Fig. 7C , bottom, suggesting a bona fide regulation of KLF4 gene expression by the Notch signaling pathway. To further narrow down the ICN1-responsive element within this region, several different mutant KLF4 reporters were generated and used to test ICN1-mediated promoter inhibition. Those mutants harbor mutations at different positions between Ϫ151 and Ϫ122. It was found that, after introduction of the mutations in the underline region of KLF4 promoter between Ϫ149 and Ϫ138 nucleotide, the promoter activity was decreased, suggesting a positive effect of this element. In addition, although ICN1 showed an inhibitory effect on the wild-type KLF4 promoter, it lost its ability on the mutant KLF4 promoter (Fig. 7D) . It should be noted that the mutant promoter was still active, thus ruling out the possibility that it is permanently repressed and could not be further inhibited. This result suggests that an intact ICN1-responsive element is required for ICN1 to inhibit KLF4 promoter activity.
DISCUSSION
KLF4 is required for colonic goblet cell differentiation, a process that is highly regulated by the Notch signaling pathway. Our current in vivo study indicates that KLF4 is a downstream target of the Notch signaling pathway and suggests that KLF4 inhibition by Notch plays an important role during goblet cell development. In vitro data further provide a possible molecular mechanism of how KLF4 is regulated by Notch. It appears that Notch does not inhibit gene expression of KLF4 directly; instead, this may occur indirectly through a transcription factor that binds to the ICN1-responsive element.
Our in vivo data suggest that regulation of KLF4 by inhibition of Notch occurs at the bottom of crypts of both small intestine and colon in mice, since increased KLF4 signals at the cellular levels were observed at the bottom of the crypts upon inhibition of the Notch signaling pathway by the ␥-secretase inhibitor compound E (Figs. 3-5) . The current observation is consistent with Notch signaling in the intestinal crypts. Both Notch1 and Notch2 are expressed in crypt epithelial cells. Notch ligand Delta-like 1 and 3, and Jagged-1 are also expressed in crypt epithelium (29) . The importance of the Notch signaling pathway has been revealed by several different studies. RBP-J conditional knockout mice or Notch inhibition by ␥-secretase inhibitors results in secretory cell expansion at the expense of enterocytes and epithelial proliferation (34) . Conversely, constitutively active Notch results in depletion of secretory lineage cells and increased proliferation (9) . Low levels of KLF4 expression in the proliferation zone of the crypt region are not only consistent with its role in growth arrest and differentiation but also provide a possible mechanism of how a low level of KLF4 is maintained. The Notch signaling at least partly contributes to this KLF4 regulation by inhibiting KLF4 gene expression. In addition, cross talk of KLF4 and ␤-catenin may provide another possible way of KLF4 regulation in the intestinal crypts (42) , at the bottom of the intestinal crypts where KLF4 expression is low and ␤-catenin signaling is active, which results in proliferation of stem cells and/or progenitor cells. With cells migration upward, cells become more differentiated. This might be because of interaction between KLF4 and ␤-catenin, resulting in the inhibition of expression of downstream Wnt-responsive genes. Cross talk between KLF4 and Wnt signaling through ␤-catenin and inhibition of KLF4 gene expression by Notch provide another link between the Wnt and the Notch signaling pathways that play a critical role in homeostasis of the normal intestine and in tumorigenesis of colorectal cancers (19) . It should be mentioned that the tests that we are using for Notch signaling are not subtle. First, ICN1 is a constitutively active version of Notch1. This may give an exaggerated effect of Notch that is activated in a ligand-dependent version in a subtle process. Second, compound E, a ␥-secretase inhibitor used in our assays, has the potential to have broad and pleiotropic effects other than simply inhibiting Notch activation. Therefore, these are not simple loss-of-functional Notch experiments, although they provide strong evidence for Notch signaling. To better understand the role of Notch signaling in regulation of KLF4 and ultimately how these factors affect goblet cell differentiation by Notch signaling, a floxed Notch1 allele or Notch1 knockdown and the use of FcDelta to activate Notch at a more physiological level should be used in future experiments.
Our in vitro studies suggest that a transcription factor that binds to the ICN1-responsive element in KLF4 promoter may mediate KLF4 inhibition by Notch. To identify the potential transcriptional factor(s), a search of transcriptional factor database was performed using several online programs, including Match (http://www.gene-regulation.com/cgibin/pub/programs/ match/bin/match.cgi?). FoxD3 was identified as the potential transcriptional factor that binds to the underlined region of the ICN1-responsive element in both hKLF4 and mKLF4 (Fig. 7C,  bottom) . FoxD3, also named Genesis, is a member of the winged helix/Forkhead family of transcriptional factors that binds to specific DNA sequences having the consensus A(A/T) TRTT(G/T)RYTY (22, 31) . Expression of FoxD3 was initially thought to be restricted to embryonic stem cells. It has a crucial role in the maintenance of two disparate embryonic progenitor cells, cells that give rise to the epiblast and embryonic stem cells and those that give rise to the placenta and trophoblast stem cells (13, 33) . However, a recent report also indicates that FoxD3 is expressed in adult tissues (24) . Our data suggest that FoxD3 is expressed in mouse intestinal epithelium and (data not shown). It is possible that KLF4 is regulated by FoxD3, and this regulation may occur in stem cells or progenitor cells that are located at the bottom areas of crypts, where the regulation of KLF4 by the Notch signaling pathway occurs. This is consistent with the expression of FoxD3 in stem cells and with a critical role of KLF4 in the biology of stem cells (17, 32, 40) . It will therefore be very interesting to test the expression of KLF4 in stem cells of intestinal origin. The relationship between Notch and FoxD3 remains largely unclear. FoxD3 may be directly or indirectly regulated by the Notch signaling pathway. Recent studies suggest that Notch1 induces upregu- 6 . ICN1 inhibited the promoter activity of KLF4. Human KLF4 (hKLF4) promoter activity is inhibited by a constitutively active version of human Notch1 (ICN1) by transient transfection and dual luciferase assays using a colon cancer cell line (HCT116). Vector control (PCS2), a constitutively active Notch 1 (ICN1), dominant-negative RBPjk plasmid (dnRBPjk), and combination of ICN1 and dnRBPjk expression constructs were transfected in HCT116 cells with a 2.0-kb hKLF4 promoter reporter construct. After transfection (48 h), dual Luciferase assays were then performed to measure KLF4 promoter activities as described in MATERIALS AND METHODS.
lation of the phosphatidylinositol 3-kinase-protein kinase B pathway (23) , which in turn negatively regulates the function of Forkhead box-containing proteins (4). At a molecular level, FoxD3 has been shown to form a complex with another stem cell transcription factor (Oct4) to regulate the transcription of downstream targets (12) . The binding of FoxD3 to the ICN1-responsive element in KLF4 promoter, the regulation of FoxD3 by Notch, the regulation of KLF4 by FoxD3, and the involve- B: identification of an ICN1-responsive element in hKLF4 promoter. Vector and ICN1 were cotransfected with different hKLF4 promoter reporters, and the relative promoter activities were determined as described in A. C: similar to C, and an ICN1-responsive element was mapped between the Ϫ151 and Ϫ122 position at the promoter. D: an intact ICN1-responsive element in the hKLF4 promoter is required for ICN1-induced KLF4 inhibition. A wildtype and mutant KLF4 promoter with mutation in the core of the underlined region were used for transient transfection assays. Dual luciferase assays were performed as described previously.
